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Ternary Ni–P–Al coatings were fabricated by the dual-gun rf magnetron sputtering technique. The as-deposited Ni–P–Al coatings exhibited
a major Ni nanocrystalline phase (with a (111) texture) with Al and P co-deposited. After 400 -C heat treatment, various NixPy compounds,
including Ni12P5, Ni5P2, and Ni3P, formed within the recrystallized Ni matrix. Accordingly, the hardness of the coating increased to 10 GPa due to
the NixPy precipitation. For heat treatment temperatures higher than 450 -C, NipAlq hard phases were observed in the ternary Ni–P–Al coating. A
further increase in coating hardness from 10 to 12 GPa was revealed. The hardening of the annealed Ni–P–Al coatings was attributed to
precipitation of Ni–P and Ni–Al compounds formed around 400 and 500 -C, respectively. A two-stage hardening in Ni–P–Al coating by NixPy
and NipAlq precipitation through heat treatment was then demonstrated. Through surface analysis, the increase in surface roughness for the Ni–
P–Al coating due to the formation of NixPy and NipAlq compounds was revealed.
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Nickel–phosphorus (Ni–P) alloy coating is frequently used
as a protective surface layer and has been widely adopted in
various industrial applications owing to its excellent mechan-
ical properties and chemical stability, such as high hardness,
wear and corrosion resistance [1–4]. The Ni–P alloy coating is
commonly deposited by various wet chemical methods,
including electroplating and electroless deposition [5]. To
further enhance the characteristics of the Ni–P coatings, the
incorporation of additional metals, such as Cu [6,7], Zn [8,9]
and W [10–13], into the binary Ni–P to form a ternary alloy
coating was proposed. Recently, novel target design and a
multi-gun sputtering technique was proposed to fabricate
various Ni–P-based systems, including Ni–P–Cu [14], Ni–
P–W [15] and Ni–P–Cr [16]. It has been proved that the
thermal stability and mechanical properties of sputtered Ni–P
system can be significantly improved by the addition of a third
metal element [17]. In the Ni–P–W coating systems, a high
hardness of 1800 kgf/mm2 with thermal stability up to 550 -C0040-6090/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2005.08.326
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E-mail address: jgd@mse.nthu.edu.tw (J.-G. Duh).has been obtained [15]. It has been further demonstrated that
the precipitation of Ni3P in the Ni(W) solid solution, resulting
from W incorporation in the Ni crystallite in the Ni–P–W
coating, is the major strengthening mechanisms, leading to the
enhancement in the mechanical properties [18]. However, W is
relatively expensive and has a lower sputtering yield, i.e., lower
co-deposition rate, as compared to other metals. Another
candidate, Al, which exhibits high specific strength and
relatively higher sputtering yield is thus proposed in this study.
In the present paper, phase transformation phenomenon of
the Ni–P–Al ternary alloy coating under heat treatments was
investigated. The corresponding surface morphology was also
evaluated to figure out the influence of crystallization and
precipitation processes on the surface condition of the alloy
coating. The hardness of the Ni–P–Al coating with respect to
annealing temperature was measured. The strengthening
mechanism of the alloy coating is discussed on the basis of
the phase transformation caused by the annealing process.
2. Experimental procedure
The ternary Ni–P–Al coating was fabricated by an rf
magnetron sputtering with a dual-gun sputtering apparatus. A2006) 151 – 154
Table 1
Concentrations of the Brener type bath for electroplating process
Chemicals Concentration (g/L)
NiSO4I6H2O 150
NiCl2I6H2O 45
NiCO3I10H2O 40
H3PO4 50
H3PO3 40
F.-B. Wu et al. / Thin Solid Films 494 (2006) 151–154152100-Am electroplated Ni–P-coated Cu disk (i.e., a Ni–P/Cu
composite target) and a pure Al disk both of 76.2 mm in
diameter were employed as sputtering sources. The electro-
plated Ni–P thick film was deposited with a Brener type bath
comprised of chemicals, including NiSO4I6H2O, NiCl2I6H2O,
NiCO3I10H2O, H3PO4 and H3PO3. Concentrations of the
electroplating solutions are listed in Table 1. During the
electroplating process, the pH value was controlled at 1.3,
while the current density was fixed to 100 mA/cm2. A detailed
fabrication procedure of the electroplated Ni–P on Cu disk can
be found elsewhere [19]. The Ni–P and Al were co-sputtered
onto Si wafers to form the Ni–P–Al coating. The input powers
to the Al and the Ni–P/Cu composite targets were controlled at
35 and 200 W, respectively. During the dual-gun co-sputtering
process, the working pressure was fixed at 4.0101 Pa, and
the target-to-substrate distance for both sputtering sources was
kept at 60 mm. The deposition time for the sputtered Ni–P–W
coating was 2 h. The composition of the Ni–P–Al coating was
evaluated with an electron probe microanalyzer (EPMA, JXA-
8800M, JEOL, Japan) with ZAF (atomic number, absorption
and fluorescence) correction methods [20]. The phase evolu-
tion of the coating was identified with an X-ray diffractometer
(Rigaku Dmmax-B, Tokyo, Japan). The surface morphology
was inspected with an atomic force microscope (AFM,35 40 45
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Fig. 1. X-ray diffraction patterns of the Ni–P–Al coNanoscope E, Digital Instrument, USA). The hardness of the
Ni–P–Al coating was measured with the nanoindentation
tester (TriboScope, Hysitron, USA) equipped onto the Digital
Instruments AFM.
3. Results and discussion
3.1. Phase transformation phenomena
The X-ray patterns of the Ni–P–Al alloy coating under
various heat treatment are indicated in Fig. 1. In the as-
deposited state, the Ni–P–Al coating exhibited only one
broadened peak with relatively low intensity, as indicated in
Fig. 1a. The maximum peak height was located at 2h =44.5-,
which was identified as a major Ni(111) phase mixed with an
amorphous to nanocrystalline microstructure. In a preliminary
study [17], the amorphous/nanocrystalline microstructure was
observed for the as-deposited sputtered ternary Ni–P-based
alloy coatings as well as for the as-deposited electroless films.
Similarly, in the present case, the ternary as-fabricated Ni–P–
Al coating possessed a dominantly amorphous structure with
both P and Al co-deposited into the Ni phase.
The phase transformation phenomenon of the Ni–P–Al
coatings under various annealing temperatures was analyzed
through an X-ray diffraction technique. The 400 -C heat-
treated coating showed a broadened peak around 45- similar to
the as-deposited one, which indicated an amorphous/nanocrys-
talline feature in the microstructure. This broadened peak was
again referred to Ni(111) diffraction. It was argued that with an
annealing temperature lower than 400 -C, the Ni–P–Al
coating exhibited the identical phase and structure as that of
the as-deposited one. The thermal stability of the amorphous
phase can be retained up to 400 -C. It was postulated that the50 55
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Fig. 3. Surface morphology of 500 -C heat treated Ni–P–Al coating.
F.-B. Wu et al. / Thin Solid Films 494 (2006) 151–154 153introduction of a third element, such as Cu, Cr, and W, into the
binary Ni–P coating effectively enhanced the thermal stability
[14–16]. In the present study, the co-deposited Al exhibited the
identical effect with an increase of the crystallization and
precipitation temperatures for Ni and NixPy compounds.
After annealing above 450 -C, significant phase transformations
in the coating was observed. Peaks of Ni and NixPy, such as
Ni(111), Ni3P(031) and Ni12P5(112), were identified in the
diffraction patterns. It was thus evident that the amorphous/
nanocrystalline microstructure recrystallised to a crystalline Ni
matrix with Al embedded and NixPy precipitates, as indicated in
Fig. 1. With even higher annealing temperatures up to 500 -C,
another type of compounds, NipAlq precipitates, such as Ni3Al and
Ni3Al4, was discovered. In recent studies [15,17], the amorphous/
nanocrystalline Ni (with P and third element, Z, embedded)
transformed into the Ni(Z) solid solution matrix and the
precipitation of NixPy under adequate heat treatment process. In
the 500 -C (and above) heat-treatedNi–P–Al system, the addedAl
led to the formation of NipAlq with Ni, as well as the precipitation
of NixPy from Ni and P. A multiple phase transformation
phenomenon in the Ni–P–Al coating system was revealed.
3.2. Surface morphology
The surface morphology of the as-deposited Ni–P–Al
coating, as illustrated in Fig. 2a, was relatively smooth with
a Ra value of 0.302 nm. This was due to the even coverage of
co-deposition by rf magnetron sputtering onto the polished Si
substrate. After annealing at 400 -C, the surface roughness of
the coating was raised slightly due to initiation of crystalliza-b)
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Fig. 2. Surface morphology of (a) as-deposited and (b) 400 -C heat treated Ni–
P–Al coatings.tion. It was also argued that the precipitation of NixPy at 400 -C
might increase the surface roughness of the Ni–P–Al system.
With annealing at 500 -C, the rough surface, as indicated in
Fig. 3 where Ra reached 122 nm, might be attributed to the
precipitation of NixPy and NipAlq compounds as well as the
recrystallization of Ni. In the Ni–P–W coating system
annealed up to 450 -C, the coating exhibited smooth surface
morphologies similar to the substrate owing to its good thermal
stability [21]. Nevertheless, the multiple phase transformation
in the Ni–P–Al coating, including precipitation of NixPy and
NipAlq compounds and the recrystallization of Ni, caused the
severe surface roughness of the heat-treated coating.
3.3. Microhardness
A descriptive curve showing the trend in hardness variation
with respect to the heat treatment is plotted in Fig. 4. For the
alloy coating in the as-deposited state, the hardness value was
around 7.5 GPa, which was compatible with the thick
electroless Ni–P films [13]. Under heat treatment at 400 and
450 -C for 4 h, the hardness was raised to approximately 9.5
GPa. The increase in hardness after 400 -C annealing for 4 h was
due to the precipitation of hard NixPy intermetallic compounds,
as discussed previously. After the formation of NipAlqStage I
Stage II
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Fig. 4. Hardness variation of the Ni–P–Al coating with respect to heat
treatment temperature.
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the alloy coating was further increased to 12 GPa.
It has been argued that there are two strengthening stages in
the Ni–P–Al alloy coating, i.e., precipitation hardening first by
NixPy and then by NipAlq compounds. The former occurs at
approximately 400–450 -C, while the latter takes effect at
annealing temperatures over 450 -C. It was reported that with
the addition of third element, such as W, Cr and Cu, into the
binary Ni–P coating, the hardness of the coating could be
enhanced by precipitation hardening of NixPy and solution
hardening of the third element dissolved into the Ni matrix
[15,17]. In the present study, Al atoms act not only as the solute
atom, but also as the NipAlq precipitation source element,
leading to significant enhancement in hardness above that due
to NixPy. More interestingly, the formation of NipAlq occurred
at higher temperature, over 450 -C, implying a secondary
strengthening mechanism for the Ni–P–Al alloy coating. The
secondary strengthening stage by NipAlq for the Ni–P–Al
coating could be beneficial for the thermal–mechanical
behavior needed for various hard coating applications.
4. Conclusions
A ternary Ni–P–Al alloy coating was successfully fabri-
cated by rf magnetron sputter deposition with pure Al and a
novel Ni–P thick film target design. A two-stage precipitation
process, i.e., NixPy at 400–450 -C and NipAlq over 450 -C was
revealed in this alloy coating. Strengthening by both the
precipitation of NixPy and NipAlq compounds is postulated in
the Ni–P–Al ternary alloy coating. The contribution to
hardening from NixPy precipitation took effect at a lower
temperature of 400–450 -C, while the formation of NipAlq
compounds occurred at higher annealing temperatures. The
addition of Al to the Ni–P system provided a further
strengthening mechanism and superior mechanical properties
as compared to the binary Ni–P coating.
Acknowledgements
The support of this work from National Science Council
under Contract Nos. NSC92-2216-E-007-036 and NSC93-2216-E-007-036 is appreciated. The authors also thank the
considerable help and constructive discussion from Prof. Lee in
nano-inspection laboratory of Tong Nang Institute of Techno-
logy, Taipei, Taiwan.
References
[1] J.A. Sue, T.P. Chang, Surf. Coat. Technol. 76–77 (1995) 61.
[2] L.F. Spencer, Met. Finish. (1974) 35.
[3] Y. Chiba, T. Ornura, H. Ichimura, J. Mater. Res. 8 (1993) 1109.
[4] S. Ramalingam, Wear 118 (1984) 335.
[5] K. Dennis, T.E. Such, Nickel and Chromium Plating, 2nd, Butterworths &
Co Ltd., London, 1986, p. 276.
[6] Y.W. Wang, C.G. Xiao, Z.G. Deng, Plating and Surface Finishing, 1992
(March), p. 57;
P. Nash, Phase Diagrams of Binary Nickel Alloys, ASM International,
1991 (June), p. 235.
[7] S. Armyanov, O. Steenhaut, N. Krasteva, J. Geogeorgieva, J.-L.
Delplancke, R. Winand, J. Vereecken, J. Electrochem. Soc. 143 (1996)
3692.
[8] M. Boanani, F. Cherkaoui, R. Fratesi, G. Roventi, G. Barucca, J. Appl.
Electrochem. 29 (1999) 637.
[9] M. Schlesinger, X. Meng, D.D. Snyder, J. Electrochem. Soc. 137 (1990)
1858.J.
[10] B.W. Zhang, W.Y. Hu, Q.L. Zhang, X.Y. Qu, Mater. Charact. 37 (1996)
119.
[11] K. Aoki, O. Takano, Plating Surf. Finish. (1990 (March)) 48.
[12] B.W. Zhang, W.Y. Hu, X.Y. Qu, Q.L. Zhang, H. Zhang, Z.S. Tan, Trans.
IMF 74 (1996) 69.
[13] Y.Y. Tsai, F.B. Wu, Y.I. Chen, P.J. Peng, J.G. Duh, S.Y. Tsai, Surf. Coat.
Technol. 146–147 (2001) 502.
[14] Y.C. Chang, J.G. Duh, Y.I. Chen, Surf. Coat. Technol. 139 (2001)
233.
[15] F.B. Wu, Y.I. Chen, P.J. Peng, Y.Y. Tsai, J.G. Duh, Surf. Coat. Technol.
150 (2002) 232.
[16] Y.W. Chen, J.G. Duh, Surf. Coat. Technol. 177–178 (2004) 222.
[17] F.B. Wu, J.G. Duh, Thin Solid Films 441 (2003) 165.
[18] F.B. Wu, S.K. Tien, W.Y. Chen, J.G. Duh, Surf. Coat. Technol. 177–178
(2004) 312.
[19] C.H. Lin, J.G. Duh, Surf. Coat. Technol. 188–189 (2004) 495.
[20] J.I. Goldstein, D.E. Newbury, P. Echlin, D.C. Joy, C. Fiori, E. Lifshin,
Scanning Electron Microscopy and X-ray Microanalysis, Plenum Press,
1981.
[21] F.B. Wu, S.K. Tien, J.G. Duh, J.H. Wang, Surf. Coat. Technol. 166 (2003)
60.
